Interleukin-10 (IL-10) has a critical role in the regulation of immune responses. The relative contribution of genetic and environmental factors to IL-10 production is under debate. We performed a twin study in 246 monozygotic and dizygotic twins to assess the heritability of IL-10 production after LPS stimulation in whole blood. In addition, the influence of promoter single nucleotide polymorphisms (À1082, À819 and À592) on transcriptional activity and their binding to nuclear factors was studied in luciferase reporter gene and electrophoretic mobility shift assays. IL-10 production showed a genetic determination with a heritability of 0.5. Decreasing body mass index (BMI), smoking and female gender lead to decreased IL-10 production. In monocytes, the À1082A allele showed higher binding affinity to the transcription factor PU.1 resulting in decreased transcriptional activity of À1082A promoter haplotypes. Genetic determination of IL-10 secretion is probably lower than that previously reported. Fifty percent of the observed variability explained by genetic factors. Female individuals produce less IL-10 than male subjects. Environmental factors like smoking and decreasing BMI exert suppressing effects on IL-10 production. Although the À1082A allele shows higher binding affinity to the PU.1 transcription factor and lower transcriptional activity, this polymorphism probably explains only a small fraction of the observed heritability.
Introduction
Interleukin-10 (IL-10) is an important immunoregulatory cytokine that is produced by monocytes and lymphocytes. 1 It inhibits the formation of proinflammatory cytokines like TNF-a in T cells and monocytes 2 and downregulates MHC class II expression in monocytes. 3 Contrary to its inhibitory function in T cells and macrophages, in B cells IL-10 stimulates the production of immunoglobulins and the expression of MHC class II antigens. 4 IL-10 has a central role in the pathogenesis of autoimmune diseases like systemic lupus erythematosus (SLE) 5 and influences susceptibility and the course of various infectious diseases. [6] [7] [8] The constitutive expression of IL-10 in monocytes and lymphocytes is low. 9 IL-10 production is mostly regulated at the transcriptional level. 10 Several studies have suggested that the capacity to produce IL-10 is influenced by genetic factors. According to the results of a family study, there are striking inter-individual differences in IL-10 production following LPS stimulation. It has been suggested that 75% of the variation in the IL-10 production are genetically determined. 11 The 5 0 -flanking region of the IL-10 gene on chromosome 1 (1q31) contains several polymorphisms. These include two microsatellite polymorphisms lying 1.1 and 4.0 kb upstream of the transcription start site 12, 13 and three frequently occurring biallelic single nucleotide polymorphisms (SNPs) at positions À1082 (G/A), À819 (C/T) and À592 (C/A). 14 The SNPs are closely linked and only three haplotypes are found in Caucassian population (GCC, ACC, ATA). IL-10 microsatellite alleles and SNPs have been correlated with high and low IL-10 production after in vitro stimulation 14, 15 and have been associated with several diseases (reviewed by Bidwell et al 16 ). However, data concerning the influence of the promoter SNPs on IL-10 production are still contradictory. 14, 17, 18 The aim of the current study was to apply the classical twin study approach to define the heritability of IL-10 production and to investigate the influence of environmental factors on IL-10 production. Twin studies allow the separation of genetic and environmental components because monozygotic twins are genetically identical and dizygotic twins share on average 50% of their genes. In addition, we studied the functional impact of the three IL-10 promoter SNPs in luciferase reporter gene assays in a monocytic cell line and whole blood cultures. To understand the molecular mechanism of transcriptional modulation, we examined the IL-10 SNPs in electrophoretic shift assays (EMSA) for differential transcription factor-binding capacity.
Results
Comparison of demographic parameters between monozygotic and dizygotic twin pairs Demographic details of both twin groups are shown in Table 1 . Differences were observed for sex, body mass index (BMI) and age. Differences in BMI between monozygotic and dizygotic twins were mainly explained by the differences in the sex distribution between the groups.
Heritability of IL-10 production is 0.5 To determine the genetic impact on LPS-induced IL-10 production, we compared IL-10 levels of MZ and same sex DZ twins detected by whole blood ELISA. The whole blood cell culture method has proven to be reliable 11, 19 and represents a more physiological situation than examination of isolated PBMC. 17 The variance between pairs in IL-10 production was nearly equal in the MZ and DZ group whereas the variance within pairs showed striking differences between the two groups ( Table 2 ). The intraclass correlation coefficient (rMZ ¼ 0.83, rDZ ¼ 0.64) was indicative of a substantial genetic effect on IL-10 levels. Heritability of IL-10 production upon LPS stimulation was 0.5 after correction for the influences of smoking, sex and BMI.
Smoking caused a decrease of IL-10 production (p ¼ 0.007; Figure 1 ). In addition, IL-10 production was sex dependent with higher values for males (p ¼ 0.045) and depending on the BMI, increasing with increasing BMI (p ¼ 0.027). Multifactorial analysis of IL-10 production showed an interaction between sex and smoking, resulting in the highest values for non-smoking males.
Before the estimation of heritability the IL-10 values thus were corrected for BMI, sex, and smoking.
The A-allele at promoter position À1082 decreases transcriptional activity in monocytic THP1 cells As IL-10 expression is mainly genetically determined, polymorphisms in the promoter region might exhibit functional relevance. We compared the three IL-10 promoter haplotypes in luciferase reporter gene assays ( Figure 2 ). As IL-10 is mainly produced by monocytes and T lymphocytes, we chose the monocytic cell line THP1 for the transfection experiments. The ACC-and ATA-promoter constructs lead to a significant decrease in transcriptional activity compared to the GCC haplotype.
To test whether the effects of the À1082 SNP are also detectable in a mixture of several cell types, we correlated whole blood culture ELISA results to IL-10 promoter genotypes of the study subjects. Promoter haplotypes did not correlate with any differences in IL-10 production (data not shown). 
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The À1082G/A polymorphism lies within a nuclear factor-binding site and exhibits a differential DNA-protein binding pattern To test whether the regions surrounding the SNPs in the IL-10 promoter (À1082, À819, À592) were able to bind transcription factors and to determine whether these polymorphisms affected protein binding, EMSA were performed using double-stranded 25 bp oligonucleotides.
No specific complexes upon binding of THP1 nuclear extract were observed for the polymorphic promoter positions À592 and À819. Moreover, no additional complexes occurred comparing the shift patterns of the two allelic forms of probes À592 and À819 under our experimental conditions (data not shown).
However, analyzing the G allelic form of position À1082 (region À1094 to À1070), we observed the formation of three specific complexes (Figure 3a To test whether the G-A transition at position À1082 modulates complex formation, we repeated the experiment with a DNA probe of the À1082 A-allelic form ( Figure 3b ). Identical complexes (AÀD) occurred but probe 1082A leads to a more intense signal than probe À1082G suggesting a higher protein-binding affinity of allele À1082A (compare Figures 3a and 3b , lane 1).
The specific complexes (B, C, D) seemed to display different binding activities to the À1082 probes. The unspecific complex A served as an internal standard and showed no differences in signal intensity. The stronger binding affinity was confirmed by fine-tuned competition assays with unlabeled oligonucleotides comprising the two alleles (Figures 3a and 3b, lanes 3-8 and 9-14).
Unlabeled À1082G competed away proteins binding to labeled À1082G at 35-fold molar excess to almost the same degree as did unlabeled À1082A already at the lower molar excess of 17.5-fold (compare Figure 3a , lanes 6 and 13). This difference in binding affinity between the two alleles was confirmed when looking at the competition performed for labeled À1082A probe (Figure 3b,  lanes 3-8 and 9-14) . Unlabeled À1082A nearly completely abolished protein binding to labeled À1082A at 280-fold molar excess (Figure 3b, lane 3) whereas the same amount of unlabeled À1082G failed to compete for protein binding to such a high degree and complexes were still clearly seen (Figure 3b, lane 9) . Taken together, these competition studies demonstrated a higher affinity of the À1082A allele to transcription factors than the À1082G allele.
The À1082G/A polymorphism lies within an Ets-consensus binding site We have shown transcription factors to differentially bind to IL-10 promoter position À1082. In subsequent experiments, we further characterized the DNA-binding protein.
Computer analysis revealed an Ets-binding motif around promoter position À1082. 20 The DNA sequence around resembles the consensus sequence for Ets transcription factors with the core motif GGAA. To find out whether Ets-like transcription factors bind to the À1082G/A probes, we performed competition experiments with unlabeled oligonucleotide probes corresponding to several known transcription factor-binding sites ( Figure 4 ). Specific complexes were inhibited by unlabeled oligonucleotide comprising the Ets consensusbinding site (Figure 4, lane 7) . In a supershift EMSA, the specific complexes were inhibited by antibodies against the nuclear factor PU.1 ( Figure 5, lane 3) , a family member of Ets transcription factors. These results Differential regulation of IL-10 E Reuss et al suggested the nuclear factor PU.1 to differentially bind to the region encompassing IL-10 promoter position À1082 and to influence gene expression.
Discussion
Variability in cytokine production has been implicated in the pathogenesis of autoimmune and infectious diseases. However, data proving a genetic influence on cytokine secretion are scarce. Twin studies are a useful tool to assess the heritability of cytokine production. 21 Our results confirm a considerable genetic component for IL-10 production upon LPS stimulation with a heritability of 0.5. This means that 50% of IL-10 production are determined by genetic factors whereas the other half is accounted for by additive environmental influences. Environmental factors like smoking and decreasing BMI exert inhibitory effects on IL-10 production. In addition, IL-10 production was lower in females than in males. Decreased IL-10 levels have already been reported in the sputum of smokers. 22 The stimulation of a monocytic cell line with a tobacco carcinogen induced the release of soluble tumor necrosis factor (TNF), but inhibited IL-10 synthesis. 23 These environmental confounders have not been assessed in previous studies and may explain the conflicting results in the literature and the lower heritability of IL-10 production in our study in comparison with a pedigree-based analysis, which reported a higher heritability (0.75 for IL-10 secretion 11 ). In a second step, we assessed the influence of known SNPs (À1082, À819 and À592) in the proximal IL-10 promoter region on its transcriptional activity. The GCC promoter haplotype showed a 20% higher transcriptional activity compared to the ATA and ACC haplotypes, which had comparable transcriptional activities. These results emphasize the importance of the À1082 polymorphism for the activity of the proximal promoter. A decreased IL-10 production in À1082A positive individuals was already observed by Turner et al, 14 whereas others found no correlation to promoter SNPs. 18 In a reporter gene assay in the monocytic cell line U937 the ATA-, ACC-and GCC-haplotypes had low, intermediate and high transcriptional activity. 17 Accordingly, homozygosity for the ATA-haplotype was associated with a significantly reduced IL-10 production by whole blood cells. 17 These partly contrary findings of different studies might be attributable to the usage of different cell lines and inducers of gene transcription.
In electrophoretic mobility shift assays, we were able to show a stronger binding affinity of the À1082A allele to THP1 nuclear factors in comparison with the À1082G allele. Moreover, we characterized this promoter region as an Ets-binding site. Transcription factors of the Ets family are key regulators of genes involved in the immune response and cellular proliferation. 24 The À1082A allele matches the GGAA Ets-binding site core motif, whereas the À1082G allele differs. The oligo encompassing promoter position À1082 contains a second Ets-consensus motif a few bases upstream of the SNP, which also might bind Ets transcription factors. However, in the shift assays the intensity of all three specific complexes is modulated by the À1082 SNP. No other independent complexes were observed. Therefore, the additional Ets consensus sequence either does not bind to transcriptions factors or the mechanism of interaction is rather cooperative than independent. The specific transcription factor was further characterized as PU.1, an Ets family member expressed in all hematopoetic cell lineages except in peripheral T cells. A modulatory activity of PU.1 has been recently reported for the cytokines IL-1b and IL-12 p40. 25 Our results show that the À1082A allele confers optimal binding affinity for the transcription factor PU.1 which inhibits gene expression. Therefore, we 
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E Reuss et al suggest PU.1 to act as a repressor of IL-10 transcription in THP1 cells. Negative regulatory function of PU.1 has been described in the regulation of other genes. 26, 27 Whether repression of IL-10 expression is exerted by PU.1 alone or by interactions with other transcription factors remains unclear. Interaction of PU.1 with other transcription factors is under investigation. Crosstalk, for example, between the hematopoetic regulators PU.1 and GATA-proteins has been published. 28 However, we neither found a correlation between IL-10 secretion by LPS-stimulated whole blood cells and proximal promoter haplotypes (À592, À819 and À1082; ACC, ATA and GCC, respectively) nor with SNPs alone. This suggests that the effect of the À1082A allele is too weak to be picked up in whole blood assays and is possibly superposed by environmental effects. Therefore, variability in the proximal 1100 bp of the IL-10 promoter probably accounts only for a small portion of the observed heritability of IL-10 production. Family studies have reported high-and low-producer haplotypes defined by the presence of certain microsatellite alleles. 15 Microsatellites have no regulatory function and are probably markers for other polymorphisms influencing IL-10 promoter activity 29 either at the 5 0 -or the 3 0 end of the IL-10 gene, where polymorphisms could interfere with mRNA destabilization or gene transcription. Recently, additional SNPs in the distal promoter region have been described, 30, 31 and some are associated with IL-10 expression levels. 31 The extend to which these polymorphisms contribute to genetic determination, however, has to be further evaluated.
In conclusion, genetic determination of IL-10 secretion is probably lower than previously reported with 50% of the observed variability explained by genetic factors. Females produce less IL-10 than male subjects. Environmental influences like smoking and decreasing BMI exert suppressing effects on IL-10 production modifying the genetic determination. Although the À1082A allele shows higher binding affinity to the PU.1 transcription factor and lower transcriptional activity, this polymorphism probably explains only a small fraction of the observed heritability. Future efforts have to focus on other SNPs in the 3 0 and 5 0 region of the IL-10 gene to clarify the basis of the observed heritability.
Subjects and methods
Subjects. Fifty-seven dizygotic (31 of the same sex, 26 with different sex) and 66 monozygotic twin pairs, aged 17-67 years, were personally interviewed and asked for a blood sample. Twin partners were recruited on the same date and all subsequent analyses were performed in parallel. Interview data included the following information: smoking, alcohol consumption, height and weight. Zygosity of twin pairs was determined by typing 15 microsatellite loci using the Gene Print Powerplex 16 System Kit from Promega. Reactions were analyzed on an ABI 310 sequencer.
DNA extraction. DNA was isolated from previously frozen EDTA anticoagulated blood samples by digestion with proteinase K in a non-ionic lysing buffer (50 mM KCl, 10 mM Tris-HCl pH 8.3, 2.5 mM MgCl 2 , 0.45% Tween 20, 0.45% NP-40). After heat-inactivation of proteinase K, an aliquot of the DNA solution was directly applied to PCR.
SNP detection. The SNPs at positions À1082 and À592 were detected by specific PCR amplification and subsequent restriction digestion as described elsewhere. [32] [33] [34] Whole blood culture. Heparinized blood was diluted 1:1 with RPMI-1640 (no additives). LPS (Sigma, Deisenhofen, Germany) was added to a final concentration of 100 ng/ml and stimulation performed for 24 h at 371C, 5% CO 2 . Plasma supernatants were stored at À701C before being analyzed. A white blood differential cell count was performed the day blood was obtained.
ELISAs for IL-10. Plasma-soluble IL-10 was measured by human IL-10 ELISA-Kit as described by the manufacturer (Hiss Diagnostics, Freiburg, Germany). All samples were analyzed in duplicate. IL-10 concentrations were normalized for cell numbers of lymphocytes plus monocytes.
Culture conditions. Human monocytic THP1 cells were maintained in culture medium consisting of RPMI-1640 supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 10% fetal bovine serum at 371C with 5% CO 2 .
Construction of luciferase reporter gene constructs. The three naturally occurring haplotypes of the IL-10 promoter were cloned into a luciferase reporter gene vector. A 1180 bp fragment (position À1149 to +31) was amplified by PCR with the following primers: for-
0 (enzyme recognition sites added to the primers are underlined). The forward primer introduced a XhoI restriction site to the 5 0 end of the PCR product, the reverse primer a KpnI restriction site to its 3 0 end. After restriction with XhoI and KpnI (New England Biolabs, Schwalbach, Germany), the fragment was ligated into the XhoI/KpnI digested pGL3 basic-vector (Promega, Madison, WI, USA). The GCC-and ATA-haplotype promoter fragments were amplified from template-DNA of GCCand ATA-homozygous subjects. The ACC-construct was generated by site-directed mutagenesis using the GCCluciferase reporter construct as template. Site-directed mutagenesis was performed using the QuickChange Transient transfections and luciferase assays. THP1 cells were transfected during their log growth phase by the DEAE method with plasmid DNA prepared using Qiagen Maxi prep-250 kit (Qiagen, Hilden, Germany). A total of 10 7 cells were transfected with 10 mg of construct DNA plus 2.5 mg pcDNA3.1/HisB/lacZ control plasmid (Invitrogen, Groningen, Netherlands). THP1 cells constitutively express IL-10 and were cultured without stimulation for 24 h after transfection.
Cell lysates were prepared and luciferase and b-galactosidase activity measured according to the manufacturers' instructions (Promega, Mannheim, Germany; Tropix, Bedford, OH, USA). THP1 transfections were performed eight times with the same batch of plasmid. Luciferase activity was normalized against b-galactosidase activity.
Preparation of nuclear extracts. Nuclear extracts were prepared by the freeze and thaw method. Cells were washed twice with cold PBS and lysed in buffer CE (10 mM HEPES-KOH pH 7.9, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.1% Nonidet P-40) for 5 min on ice. Nuclei were sedimented by centrifugation at 3000 rpm and 41C for 5 min. The pellet was resuspended in buffer NE (250 mM Tris pH 7.8, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF) and the nuclear proteins released during freezing in liquid nitrogen and thawing on ice for three times. Insoluble material was removed by centrifugation at 14 000 rpm at 41C for 15 min. Protein concentration was measured with the BioRad protein assay (BioRad, Mü nchen, Germany) and stored at À701C until use.
Electrophoretic mobility shift assay (EMSA). Oligonucleotides for EMSA (Table 3) were annealed and end-labeled with [g-32 P]-ATP (Amersham Pharmacia, Braunschweig, Germany) using T4 polynucleotide kinase (New England Biolabs, Schwalbach, Germany). The 20 ml binding reactions were performed in binding buffer (25 mM HEPES pH 7.5, 150 mM KCl, 1 mM DTT, 10% glycerol) containing radiolabeled duplex oligonucleotide (20 fmol), 1 mg poly (dI-dC), 2 mg BSA and 5-10 mg nuclear proteins. Complex formation was allowed to proceed for 30 min at room temperature and subsequently analyzed on a 5% native polyacrylamide gel in 1 Â TBE buffer. Protein-DNA binding specificity was tested by competition assays in which an excess of unlabeled oligonucleotide was added to the binding reaction. For supershift experiments, 2 mg specific antibodies against eukaryotic transcription factors (Santa Cruz Technologies, Heidelberg, Germany) were preincubated with nuclear extract for 30 min on ice. The dried gels were exposed to Kodak MS films on intensifying screens at À701C.
Statistical analysis. We log transformed IL-10 concentrations after LPS stimulation for the statistical analysis to obtain approximately normally distributed measures. Heritability was estimated based on intrapair variances and on intraclass correlation coefficients. 35 For the heritability estimates, only 65 monozygotic and the 31 same sex dizygotic twin pairs were taken into account. Linear models were fit to assess the impact of BMI, age, gender, smoking, and alcohol in all 123 twin pairs. To adequately adjust for the dependence of the two measurements in one pair, generalized estimation equations were used. Means and confidence intervals were also estimated taking into account the dependency structure of twin pairs.
The heritability estimates and the linear models were calculated with SAS 8.2.
The results of luciferase reporter gene studies were analyzed by t-test. 
